1. Introduction {#sec1}
===============

Corn steep liquor (CSL), a viscous liquid mixture consisting entirely of the water-soluble components of corn steeped in water, is a by-product of the wet corn milling industry. It typically contains 525 g/kg dry matter (DM), 205 g crude protein (CP)/kg DM, 10 g fiber/kg DM, 88 g ash/kg DM, 130--220 g carbohydrate/kg DM and a small amount of sulfurous acid (\<0.01 g/kg DM) ([@bib8]). Corn steep liquor has been successfully applied to partially or totally replace yeast extract, which is more expensive, for the production of cellulolytic enzymes ([@bib35]). Corn steep liquor has also been successfully used in the production of succinic acid ([@bib1], [@bib25]), cellulose ([@bib37]) and ethanol ([@bib35], [@bib41], [@bib45]). In addition, CSL is widely used as an inexpensive source of nitrogen resource, vitamins, and minerals for cultivation of microbes such as *Enterococcus faecalis* RKY1, *Lactobacillus rhamnosus* CGMCC1466 and *Lactobacillus* sp. RKY2 for the production of lactic acid ([@bib50], [@bib51], [@bib56]). [@bib56] found that CSL in cooperation with other components resulted in 30.4% higher lactic acid concentration than yeast extract in the lab fermenter. Recently, due to the rapid development of the production of corn starch, substantial amounts of CSL have been produced. Many starch manufacturers discharge corn soak water directly into the environment, which has a negative impact on the environment ([@bib46]).

Rice straw accounts for 30.4% of all the straw resources in China ([@bib54]). Low digestibility and low protein content are the two major limitations on the use of rice straw as ruminant feed ([@bib14]). Ensiling can be considered as an efficient way to improve the palatability and nutritive value of the rice straw ([@bib11]). Fresh rice straw with a DM content of 250 g/kg has high concentrations of water-soluble carbohydrates (WSC; 9.79% DM), which are suitable for ensiling ([@bib52]). Many studies have reported using agricultural by-products as additives to improve the fermentation quality of forage ([@bib16]). For example, molasses and potato pulp have been used in the silage of straw ([@bib3], [@bib49], [@bib57]). These results showed that adding these inexpensive components could significantly increase the concentrations of CP, WSC and lactic acid, as well as reduce pH and, NDF and ADF contents in rice straw. Furthermore, unpalatable byproducts can be improved and used in feed application after ensiling ([@bib7]). Corn steep liquor may have the potential capability to improve rice straw quality as a nitrogen source for its high content in amino acids and polypeptides ([@bib56]).

However, it is difficult for the lactic acid bacteria (LAB) to attach to rice straw during ensiling fermentation. Furthermore, silage of fresh rice straw spoils fast upon exposure to air. Therefore, dual-purpose inoculants containing homofermentative and heterofermentative LAB have been widely used in forage silage ([@bib40], [@bib43]), which is helpful for the rapid production of lactic acid, preserving nutrients and increasing silage palatability, as well as improving the aerobic stability of silage ([@bib15], [@bib21], [@bib43], [@bib44]).

The objective of this experiment was to investigate the effects of adding different proportion of CSL on the fermentation characteristics and aerobic stability of fresh rice straw silage.

The hypothesis of this study was that there is an appropriate adding ratio of CSL to obtain good quality fresh rice straw silage with higher protein content and long aerobic stability.

2. Materials and methods {#sec2}
========================

2.1. Ensiling {#sec2.1}
-------------

Rice was harvested at the maturity stage. Fresh rice straw was collected from the Xiangfang Experimental Farm of Northeast Agricultural University (Harbin, China) and chopped to theoretical lengths of 2--3 cm by straw chopper. Corn steep liquor obtained from Cargill Biochemistry Co., Ltd (Songyuan, China) was used in the study. The following experimental treatments were generated: control without CSL (C1), C4 with 200 g/kg CSL and 800 g/kg fresh rice straw, fresh basis; C3 with 250 g/kg CSL and 750 g/kg fresh rice straw, fresh basis; C2 with 333 g/kg CSL and 667 g/kg fresh rice straw, fresh basis. Chemical compoisitons of CSL has been published ([@bib28]).

The LAB inoculant obtained from Northeast Agricultural University consisted of two strains of homofermentative LAB *Lactobacillus plantarum* and *Lactobacillus casei* in combination with heterofermentative *Lactobacillus buchneri*. The inoculants were applied at a rate of 50 mL/kg (wet basis) of forage with a sprayer, for each treatment, to achieve a final application rate of 1 × 10^6^ cfu/g of fresh matter (FM). Approximately 300 g of fresh rice straw from each treatment was packed into a plastic bag (Polyethylene; 400 mm × 500 mm), and all of the bags were sealed with a vacuum sealer and stored at ambient temperature (18 ± 2°C) for 60 days. Duplicate silos for each treatment were opened after 0, 3, 7, 10, 20, 30, 45 and 60 d. The silages were randomly subsampled from several different positions, and then mixed to generate a composite sample for microbiological and chemical analysis. The rest of the corn silage sample bags were subjected to the aerobic stability test after 60 days.

2.2. Chemical and microbial analyses {#sec2.2}
------------------------------------

The silage samples were dried at 65°C and analyzed for DM according to [@bib2] procedures. The CP content was measured by the Kjeldahl method ([@bib2]). The ADF and NDF were analyzed according to the procedures of [@bib48] using the Ankom system (Ankom 220 fiber analyzer; Ankom) with heat-stable α-amylase. Water-soluble carbohydrate (WSC) concentration was measured by the colorimetric method ([@bib9]). Both fresh and silage juice were extracted by blending 10 g forage (fresh basis) in 90 mL of distilled water and stored for 24 h at 4°C in a refrigerator ([@bib36]). The homogenate mixture was then filtered through 4 layers of cheesecloth ([@bib55]). Then, the filtrate was used for the determination of pH, ammonia-N (NH~3~-N), lactic acid and VFA. The pH was directly measured using a pH meter (Sartorius Basic pH Meter, Germany). The NH~3~-N concentration was determined by an ammonia-sensing electrode (Expandable Ion Analyzer EA 940, Orion, USA). Samples for VFA analysis were prepared as described by [@bib29]. The concentrations of VFA were analyzed by gas--liquid chromatography (GC 2010, Tokyo, Japan) equipped with a flame-ionization detector and a FFAP capillary column (HP-INNOWAX, 30 m × 0.250 mm × 0.25 μm). The lactic acid content was determined by high-performance liquid chromatograph (Waters 600, Tokyo, Japan) following the procedure of [@bib32].

Additional portions of fresh and silage juice were extracted by blending 10 g forage (fresh basis) in 90 mL of distilled water for 30 min at ambient temperature, followed by filtering through a 4 layers of cheesecloth. Lactic acid bacteria counts were determined by pour plating on MRS agar and enumeration of yeasts and molds by pouring on malt extract agar (Oxoid CM0059). Plates were incubated at 37°C for 48 h and numbers of colony-forming units were counted.

The aerobic stability test was determined by monitoring the temperature increase of silage samples due to microbial activity during exposed to air. Detailed measurement procedure was described in previous publish paper ([@bib47]).

All of the chemical analyses were carried out in triplicate and expressed on a dry matter basis, with the exception of the microbiological data (%FM), DM content (%FM) and NH~3~-N (% total nitrogen \[TN\]).

2.3. Statistical analysis {#sec2.3}
-------------------------

All of the microbial data were transformed to log units. The data were analyzed as a completely randomized design by using the SAS ANOVA procedure ([@bib59]). The results were presented as the mean values and standard error of the means. Differences between treatment means were determined by Duncan\'s multiple range test method. Differences among means with *P* \< 0.05 were accepted as representing statistically significant differences.

3. Results and discussion {#sec3}
=========================

3.1. Chemical composition prior to ensiling {#sec3.1}
-------------------------------------------

The chemical compositions of the treated and untreated fresh rice straw before ensiling are shown in [Table 1](#tbl1){ref-type="table"}. [@bib52] suggested that the DM contents should be in the range of 250--400 g/kg for forage silage. The DM contents of the 4 treatment forages were different due to the different addition levels of CSL, and they were all higher than 250 g/kg DM. In this study, to ensure the successful ensiling with maximal CSL absorption, no extra water was sprayed onto the forages to adjust the DM content of the 4 groups to the same level. Because of the high CP content (37.00% DM) of CSL, the application of CSL significantly increased the CP content and decreased the NDF and ADF contents of the fresh rice straw silage compared with the content in C1 (*P* \< 0.05). The concentration of WSC in 4 forage samples ranged from 6.07% to 9.79% DM, met the requirement for successful ensiling (3.0% of DM) ([@bib13]).Table 1Chemical compositions of the fresh rice straw with different levels of corn steep liquor (CSL) addition before ensiling.[1](#tbl1fn1){ref-type="table-fn"}Table 1ItemTreatments[2](#tbl1fn2){ref-type="table-fn"}SEM*P*-valueC1C4C3C2DM, %25.9^d^29.9^c^30.9^b^32.6^a^0.92\*\*CP, %DM4.78^d^13.3^c^15.3^b^17.9^a^1.86\*\*NDF, %DM62.0^a^47.5^b^42.7^c^37.8^d^3.43\*\*ADF, %DM38.0^a^27.1^b^26.3^c^23.5^d^2.09\*\*WSC, %DM9.79^a^8.35^b^6.56^c^6.07^d^0.56\*\*Ash, %DM16.0^b^15.7^c^16.0^b^16.2^a^0.06\*\*[^2][^3][^4][^5]

3.2. Changes of population of LAB, pH value, concentration of NH~3~-N (% of total N) during the ensiling time {#sec3.2}
-------------------------------------------------------------------------------------------------------------

Changes in the population of LAB of 4 treatments after 0, 3, 7, 10, 20, 30, 45 and 60 d are shown in [Table 2](#tbl2){ref-type="table"}. Before ensiling (0 d), the 4 groups were supplied with the same amount of LAB inoculants, approximately 7.00 log~10~ cfu/g of FM. In general, LAB reaches at least 5.00 log~10~ cfu/g of FM could be an important factor for a successful fermentation of silage ([@bib5]). After 3 d of fermentation, the population of LAB in C1 increased rapidly and reached 9.01 log~10~ cfu/g of FM, which was significantly higher than the other 3 treatments (*P* \< 0.05). The C4 and C3 experienced a slight growth trend after 3 and 7 d of fermentation compared with 0 d. After 10 d, the population of LAB decreased to 7.01 and 7.08 log~10~ cfu/g of FM, respectively. The lower pH value of C4, C3 and C2 ([Table 3](#tbl3){ref-type="table"}) might inhibit the growth of LAB during the initial stages of fermentation. The population of LAB in C1 and C2 peaked at 20 d and declined gradually after 30 and 45 d. The decrease of LAB over time was expected because low pH and lack of fermentable substrates result in the death of bacteria ([@bib31], [@bib39]). In contrast, the population of LAB in C4 and C3 began to increase again at 30 d. Heterofermentative (*L. buchneri*) LAB appeared to be the predominant bacterium in silages during this phase. The population of LAB in all 4 groups was stabled after 45 d. The number of LAB in C4 was significantly higher than that in C1, C2 and C3 (*P* \< 0.05). After 60 d of ensiling, C2 had the lowest population of LAB. In the experiment of using CSL as a culture media for the production of succinic acid, when the CSL concentration increased to 20%, cell growth was poor due to high viscosity in the medium ([@bib1]). [@bib41] also reported that high concentrations of CSL remarkably inhibited cellular growth due to the presence of higher concentrations of some inhibitory components in CSL. High concentrations of dissolved sulfur are produced during wet milling processes when corn is soaked in dilute sulfurous acid to be softened for subsequent grinding and facilitation of starch liberation ([@bib17]). Higher additive ratio of CSL increases the sulfur content in the fermentation medium, which inhabits the bacteria growth.Table 2Changes of the population of lactic acid bacteria (LAB) (log~10~ cfu/g) of fresh rice straw with different levels of corn steep liquor (CSL) addition during ensiling.[1](#tbl2fn1){ref-type="table-fn"}Table 2DayTreatments[2](#tbl2fn2){ref-type="table-fn"}SEM*P*-valueC1C4C3C207.077.027.067.020.01NS39.00^a^7.32^bc^7.37^b^7.08^c^0.29\*\*79.01^a^7.27^b^7.33^b^6.88^c^0.31\*\*108.60^a^7.01^bc^7.08^b^6.83^c^0.27\*\*209.24^a^8.38^b^7.55^c^7.49^c^0.27\*\*308.79^a^8.27^b^7.25^c^6.85^d^0.29\*\*457.93^b^8.66^a^8.03^b^6.18^d^0.35\*\*608.06^b^8.67^a^8.22^b^6.32^c^0.34\*\*[^6][^7][^8]Table 3Changes of pH value of fresh rice straw with different levels of corn steep liquor (CSL) addition during ensiling.[1](#tbl3fn1){ref-type="table-fn"}Table 3DayTreatments[2](#tbl3fn2){ref-type="table-fn"}SEM*P*-valueC1C4C3C205.48^a^4.01^b^4.05^b^3.99^b^0.24\*\*33.95^b^4.07^a^4.06^a^4.02^a^0.02\*73.80^c^4.08^a^4.04^ab^3.99^b^0.04\*\*103.94^b^4.12^a^4.08^a^4.07^a^0.03\*\*204.10^b^4.21^a^4.18^a^4.12^b^0.02\*303.89^b^4.10^a^4.09^a^4.08^ab^0.03\*\*454.044.174.194.160.03NS604.05^b^4.20^a^4.19^a^4.17^a^0.02\*\*[^9][^10][^11]

In [Table 3](#tbl3){ref-type="table"}, because of the low pH value of CSL (pH = 3.95), its mixture with fresh rice straw results in a low pH value of approximately 4.00, which may repress the growth of LAB during the initial stages of fermentation. [@bib58] reported that the concentration of H^+^ had an indirect effect on the growth of LAB and the productivity of lactic acid. The optimum initial pH of the silage material for the growth of *L. plantarum* was 5.5--6.5 ([@bib19]), as the decrease of pH suppresses the growth of LAB. At day 0, the pH of the mixture in three experimental groups all presented a low value due to the low pH of CSL. It is an acid based storage. After 3 d, the pH value of C1 decreased dramatically to 3.95, which is significantly lower than that in C2, C3 and C4 (*P* \< 0.05). After 60 d of ensiling, the CSL treatment groups stayed at a low pH level, which was still higher than that of C1. In a study by [@bib37], CSL was used to maintain the pH within the optimal range during the production of bacterial cellulose, because of its buffering capacity, which could inhibit the decrease in pH. The pH of C1 began to grow at 30 d and stabilized at approximately 4.04 after 45 d. Higher values of pH were detected in C4, C3 and C2 than in C1 (*P* \< 0.05) at 60 d. However, all of the values were lower than 4.20, which could be enough for the good preservation of silage feed. [@bib26] suggested that the optimum pH of silage was 4.0--4.3. [@bib22] reported that silages treated with ammonia had a higher final pH than did untreated silages or silages treated with buffered propionic-based preservative.

The C1 had a higher concentration of NH~3~-N (% of total N) compared with C4, C3 and C2 from 3 d to 45 d ensiling ([Table 4](#tbl4){ref-type="table"}). After 60 d, higher concentrations of NH~3~-N (% of total N) were detected in C1 and C4 compared with C2 and C3 (*P* \< 0.05). Thus, more deamination occurred in C1 and C4. This result is in agreement with the results of the addition of urea or other Non-protein nitrogen sources to corn silages ([@bib30], [@bib42]). The growing of heterofermentative *L. buchneri* in C4 promoted protein degradation, which resulted in the high concentration of NH~3~-N. Previous studies have reported that the addition of *L. buchneri* could increase the concentration of NH~3~-N in corn and sorghum silage ([@bib10]). McDonald et al. (2002) reported that well-preserved silages should contain less than 100 g NH~3~-N/kg TN. The NH~3~-N (% of total N) in the trial groups and in C1 were all less than 100 g NH~3~-N/kg TN. The CP in the silage was well preserved.Table 4Changes of NH~3~-N (% of total N) content of the fresh rice straw with different levels of corn steep liquor (CSL) addition during ensiling.[1](#tbl4fn1){ref-type="table-fn"}Table 4DayTreatments[2](#tbl4fn2){ref-type="table-fn"}SEM*P*-valueC1C4C3C200.87^b^1.85^a^1.53^a^1.50^a^0.14\*31.902.001.972.020.02NS72.87^a^2.12^b^2.03^b^2.06^b^0.13\*\*102.90^a^1.86^b^1.94^b^1.93^b^0.16\*\*203.40^a^2.47^b^2.47^b^2.07^c^0.19\*\*303.99^a^2.99^b^2.42^c^2.15^d^0.27\*\*454.32^a^4.52^a^2.98^b^2.53^c^0.33\*\*604.98^a^4.84^a^3.22^b^2.55^c^0.40\*\*[^12][^13][^14]

3.3. Chemical composition of fresh rice straw and CSL silages after 60 d fermentation {#sec3.3}
-------------------------------------------------------------------------------------

In [Table 5](#tbl5){ref-type="table"}, the DM loss (DML) in C3 and C2 were significantly higher than those in C1 and C4 (*P* \< 0.05), which were 3.76% and 4.09%, respectively. [@bib18] reported that the growth of LAB inoculant in silage could significantly reduce DM loss. The CP content of C2, C3 and C4 ranged from 14.99% to 21.20%, which was significantly higher than the CP content of C1 (*P* \< 0.05). The highest NDF and ADF content were found in C1 (*P* \< 0.05). These results indicated that the addition of CSL significantly improved the quality of the rice straw silage. Concentration of WSC was lower in C1 and C4 compared with C3 (*P* \< 0.05), indicating that WSC was better utilized by the fermentation bacteria in C1 and C4 to produce sufficient lactic acid to decrease pH and inhibit the growth of harmful bacteria. This result is in agreement with [@bib6]. In addition, C1 and C4 had higher water-soluble carbohydrate loss (WSCL) than C3 and C2 (*P* \< 0.05). The large population of LAB especially the strain of heterofermentative (*L. buchneri*) contributed to higher consumption of WSC ([@bib24]).Table 5Effect of different levels of corn steep liquor (CSL) addition on the chemical compositions, concentrations of organic acid and aerobic stability (hours for the feed temperature to increase 2°C above ambient temperature) of fresh rice straw silage after 60 d fermentation.[1](#tbl5fn1){ref-type="table-fn"}Table 5ItemTreatments[2](#tbl5fn2){ref-type="table-fn"}SEM*P*-valueC1C4C3C2DM, %25.5^d^29.3^c^29.7^b^31.2^a^0.79\*\*DML, %1.53^c^2.13^b^3.76^a^4.09^a^0.41\*\*CP, %DM5.65^d^14.99^c^17.32^b^21.20^a^2.17\*\*NDF, %DM63.5^a^50.0^b^44.4^c^38.4^d^2.80\*\*ADF, %DM41.5^a^32.0^b^27.7^c^23.6^d^2.00\*\*WSC, %DM0.69^c^0.77^bc^1.22^a^1.02^ab^0.08\*\*WSCL, %93.0^a^90.8^a^81.4^b^83.3^b^1.89\*\*Ash, %DM17.5^b^18.0^a^17.2^c^17.2^c^0.12\*\*Concentration of organic acidLactic acid, % DM3.89^c^5.32^ab^5.52^a^4.68^b^0.25\*Acetic acid, % DM2.57^a^2.72^a^1.60^b^1.24^c^0.24\*\*LA:AA, % DM1.52^b^1.96^b^3.46^a^3.80^a^0.37\*\*Butyric acid, %DM0.89^b^1.06^a^----0.19\*\*Propionic acid, %DM------------Aerobic stability, h\>168^a^63^b^37^c^34^c^3.76\*\*[^15][^16][^17][^18]

3.4. Organic acid concentration of fresh rice straw and CSL silages after 60 d fermentation {#sec3.4}
-------------------------------------------------------------------------------------------

The effects of different addition level of CSL on the fermentation characteristics of fresh rice straw silage are shown in [Table 5](#tbl5){ref-type="table"}. [@bib20] reported that the concentration of lactic acid in good quality silage should be greater than 2%. The lactic acid content in C4 and C3 were 5.32% and 5.52% DM, respectively, which were significantly higher than those in C1 (3.89% DM) (*P* \< 0.05). [@bib33] reported that moderate concentrations of nitrogen source additives such as ammonia could increase the concentrations of lactic and acetic acids. However, [@bib4] showed that high concentrations of ammonia depressed lactic acid formation throughout the ensiling period because of the delayed growth of LAB. This finding was in agreement with the population of LAB ([Table 2](#tbl2){ref-type="table"}) in this study. The C4 and C1 had significantly higher concentrations of acetic acid compared with C3 and C2 (*P* \< 0.05). Acetic acid has been regarded as a potent inhibitor of fungi, which plays an active role in aerobic deterioration ([@bib31], [@bib53]); thus, its high concentrations were more likely the primary reason for improvements in the aerobic stability of silages treated with *L. buchneri*. [@bib23] suggested that a desirable lactic acid to acetic acid ratio of greater than 3:1 would be an indication of more dominant homolactic fermentation. In [Table 5](#tbl5){ref-type="table"}, LA: AA in C4 and C1 were 1.96 and 1.52, indicating that heterofermentative LAB dominates the ensiling process in these two groups. Heterofermentative LAB *(L. buchneri*) could improve aerobic stability by fermenting lactic acid to acetic acid and 1,2 propanediol ([@bib38]). [@bib22] showed that treatment with ammonia could decrease the ratio of lactic acid to acetic acid and increase the NH~3~-N concentration in silage. Theoretically, silages treated with *L. buchneri* also contain higher concentrations of propionic acid ([@bib24]), but the amounts of it in this study were less than 0.01% DM (data not shown).

3.5. Aerobic stability {#sec3.5}
----------------------

The aerobic stability of different types of silage after 60 days of ensiling is presented in [Table 5](#tbl5){ref-type="table"}. The C1 remained unheated throughout 168 h of monitoring, which was significantly longer than the other three treated silages (*P* \< 0.05). As the addition level of CSL increased, the silages were inclined to spoil upon exposure to air. The C3 and C2 only remained unspoiled for 37 and 34 h, respectively. The aerobic deterioration of silage is undesirable and reduces the nutritional value; in particular, residual WSC and residue lactic acid increase the risk of the proliferation of undesirable microorganisms ([@bib31]). Higher concentrations of residual WSC in C3 and C2 could affect aerobic stability at feed-out, owing to more rapid fungal growth on WSC than that on fermentation products ([@bib34]). Additionally, higher concentrations of lactic acid in C3 and C2 can be used as substrates for growth by yeast during aerobic exposure ([@bib24]). [@bib27] showed that ensiled dry rice straw with CSL and LAB inoculants had an aerobic stability of more than 372 h. High moisture content also contributed to the growth of yeasts and mold, which were associated with aerobic spoilage ([@bib12]). Acetic acid has strong antifungal properties ([@bib53]), which could very well explain the long preservation of C1 (\>168 h) and C4 (63 h).

4. Conclusions {#sec4}
==============

The adding proportion of CSL at 250 g/kg (C3) could obtain high protein content silage, but the aerobic stability of fresh rice straw is significantly decreased. In conclusion, mixing fresh rice straw with CSL at addition level of 4:1 (C4) and 3:1 (C3) can improve the fermentation quality and nutrient composition of fresh rice straw silage.
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